COMPLETE RENEWAL OF THE ADULT mammalian small intestinal epithelium occurs every 3 to 14 days and is driven by multipotential stem cells located in the base of the crypts (4, 11) . This impressive rate of tissue turnover requires well-coordinated maintenance of the stem cell pool and also the appropriate differentiation of the transit-amplifying progenitors into the four mature postmitotic lineages of the small intestine (7) (8) (9) (10) (11) . Although most progenitors differentiate into absorptive cells, a small minority of progenitors differentiates into the remaining three secretory cell types, goblet cells, enteroendocrine cells, and Paneth cells.
The multipotent stem cells and committed progenitor cells that give rise to the postmitotic intestinal epithelium have been difficult to study because of the lack of specific biomarkers, animal models, and methods to isolate live stem/progenitor cell populations for gene expression analysis. The specific location of the small intestine epithelial stem cell has been thought for many years to be located at cell position ϩ4 (as numbered from the bottom of the crypt up the crypt-villus axis) (4) . This putative stem cell location was based on a slow cell division criterion of the cells at an average position of ϩ4 using 3 Hthymidine and BrdU label retention assays, which do not assess the multipotency and self-renewal characteristics of a stem cell.
Recently, an elegant in vivo lineage-tracing experiment, using Lgr5 as a biomarker, demonstrated that a population of multipotential intestinal epithelial stem cells localize to the very base of the crypt (cell positions 0, 1Ј, 2Ј, 4; as defined by Barker et al., Ref. 2) in cells that have been previously characterized as crypt-based columnar cells (CBCs) (4, 9, 11) . More recently, lineage tracing has demonstrated that the polycomb group gene, Bmi1, which is expressed primarily in a pool of cells around the ϩ4 region, also has multipotent capacity but only in the proximal small intestine (36) . Although it is not clear whether the Lgr5 ϩ and Bmi1 ϩ cells are functionally equivalent, it has been hypothesized that one population may be a slower-dividing "quiescent" stem cell (cells at position ϩ4), which gives rise to more rapidly dividing multipotent stem cells (the CBCs) (24, 34) .
Nonetheless, both cell types are under the influence of intrinsic and extrinsic signals directing the decisions to self renew and differentiate into all postmitotic cell types of the small intestine epithelium. The intrinsic and extrinsic genetic pathways controlling the defining properties of stem cellsself-renewal capacity and multipotency-are not fully understood in the intestine. Perhaps the most well-studied pathways critical to the development and maintenance of the intestinal epithelium include the Wnt/␤-catenin and Notch pathways. When Wnt signaling is engaged, a cascade of events leads to nuclear localization of ␤-catenin and transcriptional enhancement of target genes involved in supporting proliferation (i.e., c-myc, cyclin-D1). Genetic ablation of Wnt signaling components results in crypt loss and the eventual disruption of intestinal epithelium homeostasis (23, 31) .
Studies describing perturbations in normal Notch1 receptor signaling (by gain or loss of function) have likewise demonstrated the critical role of the Notch pathway in intestinal epithelial development, specifically in controlling the cell fate decisions of intestinal stem/progenitor cells (39, 46) . When the Notch1 pathway is activated, its downstream target gene, Hes1, represses Math1 expression and promotes an absorptive cell fate over a secretory lineage fate. Negative disruption of the Notch1 pathway, either pharmacologically (41) or genetically, results in an aberrant increase in the numbers of secretory cell lineages. Collectively, these studies indicate that precise control of the Wnt and Notch1 pathways by modulating factors is critical for normal proliferation and differentiation of intestinal stem/progenitor cells.
A common feature of both the Wnt and Notch pathways is that they appear to be modulated by Sox (Sry-Box) genes (1, 3, 40) , indicating a critical role for SOX transcription factors in normal intestinal epithelium homeostasis. Sox genes are a family of at least 20 closely related transcription factors, which are defined by the presence of a high-mobility group domain (28) . All Sox factors bind a relatively loose consensus sequence, (A/T)(A/T)CAA(A/T)G (28), resulting in dramatic DNA bending (37, 44) that has been hypothesized to be critical for bringing distal control elements to proximal transcriptional start sites (44) . SOX factor competition for a single cis-control element combined with the physical interaction of SOX factors with other transcription factors (45) influences the specificity of target gene transcription (21) . The ability of SOX factors to bind the same consensus sequence has been linked to highly redundant function in some cell types (14, 19, 27) , obscuring the specific role of some Sox genes using gene-targeting technologies. The notion that multiple SOX factors with differential capacities to modulate transcription are able to compete for transcriptional control of the same target gene points to the concept of how differential levels of SOX factors in a single cell might influence proliferation or the outcome of lineage specification.
An interesting feature of SOX factors is that they can function as dose-dependent regulators of stem/progenitor cell potency and competence (33, 40) . Disruption in the proper balance of SOX factor levels can result in severe congenital defects. Several conditions in humans and mice are caused by subtle changes in regulation or haploinsufficiency of some Sox genes. For example, distinct hypomorphic levels of Sox2 result in esophageal atresia and tracheoesophageal fistula (33) and a range of eye phenotypes from anophthalmia to microphthalmia (15, 40) . Likewise, the loss of a single Sox9 allele presents clinically as sex reversal with Campomelic Dysplasia (22, 42) . In both cases of SOX factor deficiency, aberrant maintenance and differentiation of the stem/progenitor cell pool is causative to the clinical sequelae. Taken together, these reports indicate that discrete levels of SOX factors play a critical role in normal differentiation of stem/progenitor cell populations.
RT-PCR analysis demonstrates that Sox3, 4, 5, 7, 9, 10, 17 , and 18 mRNAs are expressed in whole intestine preparations (5) . Of these Sox factors, Sox9 has been the most widely studied in the intestine. Expression of SOX9 protein has been localized to the stem cell and transit-amplifying zones of the crypt (5). Interestingly, sporadic SOX9-expressing cells have also been reported to be located throughout the nonproliferating villus epithelium (3, 5, 26) .
Because distinct levels of SOX factors appear to be critical for proper proliferation and differentiation in stem cell biology, we hypothesized that differential SOX9 expression may be playing a similar role in stem/progenitor cell populations in the intestinal epithelium. To explore this possibility we utilized a bacterial artificial chromosome (BAC) transgenic Sox9 EGFP animal model where EGFP is expressed by the regulatory regions of Sox9 and stands for enhanced green fluorescent protein. In this study, we examine both the Sox9 transcriptional activity (via EGFP expression) and endogenous levels of SOX9 protein throughout the crypt/villus axis of the small intestine. Additionally, we investigate the molecular characteristics and cellular identities of Sox9-expressing stem/progenitor cells and postmitotic populations and test whether increasing the levels of SOX9 is able to confer phenotypic changes in a nontransformed intestinal epithelial crypt cell line. The results of this study provide further insight into a function for Sox9 in both the stem/progenitor cell populations and in a subset of postmitotic cells in the crypts and villi.
MATERIALS AND METHODS

Mice/genotyping. The Sox9
EGFP mouse line was originally generated as part of the GENSAT Brain Atlas Project (17) and contains genomic integration of a modified BAC (RP32-140D18) with ϳ75.5 kb upstream and ϳ151 kb downstream sequence to Sox9. Frozen Sox9 EGFP mouse embryos were obtained from the Mutant Mouse Regional Resource Center (University of California-Davis) and reconstituted by transfer into foster mice. All mice are on the outbred CD-1 strain and were maintained as heterozygotes on the CD-1 genetic background. Mice breed normally and live to adulthood with no overt phenotypes because of the transgene. At ϳ12 days postnatal, tail snips were viewed under an epifluorescent microscope fitted with filters for EGFP visualization. A high level of EGFP fluorescence compared with transgene negative control mice was scored as a positive for the Sox9 EGFP transgene. All protocols for animal use were reviewed and approved by the University of North Carolina Institutional Animal Care and Use Committee (IACUC).
Immunostaining/microscopy. For tissue preparation, small intestines were dissected from adult Sox9 EGFP mice (Ͼ8 wk of age), and luminal contents were flushed out with PBS followed immediately by a single flush with freshly made 4% paraformaldehyde. The intestine was opened along the duodenal-ileal axis, placed on filter paper, and fixed for an additional 14 -18 h at 4°C. The tissues were then prepared for cryosectioning by immersion in 30% sucrose solution for at least 24 h at 4°C. Tissues were then embedded in optimal cutting temperature (OCT) medium and frozen on dry ice. The OCT blocks were stored at Ϫ80°C until cryosectioning. Thin sections (8 -10 m) were cut on a cryostat and placed on positively charged microscope slides for staining and microscopy. This tissue preparation technique is critical for preserving the EGFP fluorescence.
For immunostaining, the sections were washed twice in PBS to remove OCT, followed by incubation in blocking medium [5% normal goat serum (NGS), in PBS-0.3% Triton-X 100] for at least 30 min at room temperature (21-25°C). Primary antibodies were applied to the tissue sections in antibody staining solution (1% NGS, in PBS-0.3% Triton-X 100). Dilutions were as follows: ␣-EGFP (chicken, 1:500, no. GFP-1020; Aves Laboratories, Tigard, OR), ␣-SOX9 (rabbit, 1:1,000, no. AB5535; Chemicon, Temecula, CA), ␣-NGN3 (rabbit, 1:250, no. AB5684; Chemicon), ␣-substance P (rat; 1:500, no. MAB356; Chemicon), ␣-chromogranin A (rabbit, 1:500, no. 20086; ImmunoStar, Hudson, WI), ␣-Ki67 (mouse, 1:100, no. M7249; Dako, Carpinteria, CA), ␣-lysozyme (rabbit, 1:1,000, no. RP 028; Diagnostics Biosystems, Pleasanton, CA). All secondary antibodies [␣-Rabbit-Cy3, no. C2306 (Sigma, Saint Louis, MO); ␣-RabbitAlexafluor 488, no. Z-25302 (Molecular Probes, Eugene, OR); ␣-RatAlexafluor 555, no. Z-25305 (Molecular Probes)] were used at a 1:500 dilution in staining buffer. For Ki67 it was necessary to amplify the signal using ␣-Mouse IgG-Biotinylated (1:200; Jackson Immunoresearch Laboratories, West Grove, PA) followed by Alexafluor-555-labeled streptavidin (1:250, no. S32355, Molecular Probes). Antigen retrieval using Reveal Buffer (no. RV1000L2J; Biocare Medical, Concord, CA) was required for NGN3, Ki67, and chromogranin A. Nuclei were stained with Draq5 (1:10,000, no. BOS-889-001; Biostatus, San Diego, CA). Background staining was negligible as determined by nonspecific IgG staining. Unless otherwise noted, costaining/positive staining statistics were generated from cells from at least 50 crypts/villi.
For whole mount staining of crypts, whole crypts were isolated as described in Epithelium dissociation without the dispase treatment. Approximately 500 crypts were fixed in 4% paraformaldehyde at 4°C for ϳ18 h, then washed five times with PBS. For all wash procedures, crypts were gently mixed and allowed to settle to the bottom of tube (and not centrifuged). Washes and staining buffers were removed from crypts by gentle suction. Crypts were blocked in 500 l of 5% NGS/PBS-T for 1 h at room temperature. Primary antibodies were added to 500 l of staining buffer and allowed to incubate for ϳ18 h at 4°C. The crypts were then washed five times with 1.5 ml PBS-T/ wash. Secondary antibodies were added 1:500 in 1% NGS/PBS-T and incubated at room temperature for at least 2 h. The secondary antibodies were removed, and the crypts were washed five times with PBS-T for 30 min each. For costaining with ␣-lysozyme and ␣-SOX9, it was necessary to label the lysozyme antibody with Alexafluor 488 using the Zenon primary antibody labeling kit (Invitrogen, Carlsbad, CA). Staining for SOX9 was conducted first followed by staining for lysozyme. Nuclei were stained with Draq5.
Epifluorescent images were captured on an Olympus IX70 fitted with an Olympus digital camera. Objective lenses used were ϫ20 and ϫ40 with numerical apertures of 0.55 and 1.40, respectively. All confocal images represent 1.5 m optical sections unless otherwise noted, and crypts were captured using confocal optical Z-sectioning (1.0-m optical sections) and compiled using Zeiss LSM Image Software (Zeiss, Thornwood, NY). Objective lenses for the confocal images were ϫ40 with a numerical aperture of 0.1.
Immunoblotting. Whole cell lysates were made from virus-infected intestinal epithelial cells (IEC)-18 cells by adding RIPA buffer (0.15 M NaCl, 50 mM Tris ⅐ Cl, pH-7.2, 1% deoxycholic acid, 1% Triton-X 100, 0.1% SDS) and 1ϫ protease inhibitors (Sigma, P8340) to two 15-cm plates. Before cell lysis, virus-infected cells had been selected for stable transgene integration using puromycin selection for 10 days. Whole cell lysates were separated on a 10% SDS-PAGE gel, and proteins were transferred to PVDF membrane (Hybond LFP; GE Healthcare, Piscataway, NJ). The membranes were probed with antic-MYC (SC-40; Santa Cruz Biotechnology), anti-proliferating cell nuclear antigen (PCNA) (MAB424R; Chemicon), and anti-␤-actin (A5316; Sigma), blocked in Blotto (5% dried milk in Tris-buffered Saline-Tween, 0.75%) for 30 min, followed by incubation with primary antibodies diluted in Blotto. Primary antibodies were detected with anti-IgG-horseradish peroxidase-conjugated secondary antibodies diluted in Blotto. The membranes were then incubated in the horseradish peroxidase detection agent (ECL, GE Healthcare) for 5 min and then exposed to film. Films were scanned on a flatbed film scanner to generate digital images.
Epithelium dissociation/FACS. To isolate intestinal crypt cells for fluorescence-activated cell sorting (FACS), small intestine epithelium was dissociated into single cells essentially as previously described (13) with slight modifications. For FACS experiments, mouse intestine were flushed with cold PBS, cut open lengthwise in ϳ10-cm-long pieces, and immersed in PBS/30 mM EDTA/1.5 mM DTT over ice for 20 min. The solution was disposed of, and the tissue was shaken vigorously in fresh PBS/30 mM EDTA for ϳ30 s before being incubated at 37°C for 10 min. Intact tissue was discarded, and dissociated crypts and villi were pelleted at 2,500 revolution/min for 5 min. The cells were washed twice with cold PBS, resuspended in HBSS/0.3 U/ml dispase at 37°C, and shaken approximately every 2 min for 10 min. Then, (5%) and 100 g DNaseI was added before the cells were passed through a 70-m filter. Cells were pelleted at 2,500 revolution/min for 5 min and resuspended in 4 ml HBSS with 5% FBS, then passed through a 100-m filter and combined with an additional 100 g DNaseI. Equivalent numbers of cells from three animals were combined before FACSorting. Sox9 EGFPNEGATIVE , Sox9 EGFPHI , and Sox9 EGFPLO cells were isolated using a MoFlo FACS machine (Dako/Cytomation). Cells were collected in ice-cold HBSS and kept on ice throughout the sort. Time between death of the mouse to RNA extraction was kept to 3.5 to 4 h to ensure the highest quality of RNA.
cDNA preparation/real-time PCR analysis. cDNA from ϳ5 ϫ 10 4 cells from each FACSorted population (Sox9 EGFPNEGATIVE , Sox9 EGFPHI , and Sox9 EGFPLO ) was made using RNAqueous Micro Kit (Ambion, Austin, TX) according to the manufacturer's protocols. Real-time PCR was conducted for each sample in triplicate on ϳ1/20,000 of the total amount of cDNA generated. TaqMan probes (Hes1, Mm00468601_m1; Notch1, Mm00435245_m1; Lgr5, Mm00438890_m1; Msi1, Mm00485224_m1; Sox9, Mm00448840_m1; 18S, HS99999901) for each gene were obtained from Applied Biosystems and used in reactions according to the manufacturer's protocol. 18S ribosomal RNA was amplified and used as the internal control gene for sample comparison. ⌬Ct values were calculated to obtain fold changes for sample comparison (30) .
Lentivirus production/cell culture. The lentiviral vectors were constructed using the plasmid backbone, pLVX-Puro, from Clontech (Madison, WI). To generate the pLVX-SOX9-EGFP vector, the coding sequence for murine SOX9 was cloned into the polylinker of a shuttle vector just 5Ј of an internal ribosomal entry site (IRES) linked to EGFP coding sequence. The SOX9-IRES-EGFP DNA fragment was then cloned into the pLVX-Puro vector. The control viral vector, pLVX-EGFP, contains all the elements of pLVX-SOX9-EGFP minus the SOX9 coding sequence. High titer lentivirus was generated according the Lenti-X system specifications (Clontech).
The IEC-18 cell line was cultured in medium according to previously established optimal conditions (18): high-glucose DMEM-H, 10% FBS, 0.1% zinc/insulin (Gibco, Grand Island, NY), 10 U/ml penicillin/streptomycin, and 2 mM L-glutamine. At ϳ80% cell confluence, the medium was replaced with the normal medium containing the lentivirus and polybrene at 4.0 g/ml for overnight transduction. At 48 h, ϳ75-80% of the cells were infected as assessed by EGFP fluorescence. The transduction medium was replaced after 24 h with the standard IEC-18 medium. After 48 h, the cells were puromycin selected (at 2.0 g/ml) in the standard IEC-18 culture medium. Selection continued for 10 days with cells analyzed daily for EGFP levels and morphology by microscopy.
RESULTS
Sox9
EGFP is expressed primarily in the base of the crypt in non-Paneth cell populations. The Sox9 EGFP mouse was originally generated as part of the GENSAT brain-mapping project and constructed by insertion of a BAC into the mouse genome (17) . The BAC containing the Sox9 locus was genetically modified to introduce the EGFP coding sequence just 5Ј of the Sox9 transcriptional start site, thus destroying any transgenic expression of Sox9 from the BAC. The Sox9 EGFP mice breed normally and do not have any deleterious phenotype resulting from EGFP transgene expression.
Upon initial examination of the small intestine, we observed a restricted expression pattern of EGFP that localized exclusively to epithelial cells primarily at the base of the crypt in the Paneth cell zone (Fig. 1A) . As has been previously reported (5), we also observed sporadic Sox9 EGFP -positive cells in the villus (Fig. 1B) . This expression pattern of the Sox9 EGFP transgene was observed throughout the duodenal-ileal axis. No Sox9 EGFP expression was observed in the lamina propria, muscularis, bone marrow, or circulating lymphocytes (as assessed by flow cytometry).
Upon further examination of the crypts with the use of brightfield microscopy, Sox9 EGFP appeared to be mostly expressed in a cell population that was intercalated between the granulated Paneth cells and supra-Paneth cell location but not in Paneth cells themselves (Fig. 1C) . To rule out the possibility that a small subset of Sox9 EGFP -expressing Paneth cells might have been overlooked in a thin cryostat section, with the use of Paneth cell morphology as an identifying criterion, we costained whole crypts for the Paneth cell marker, lysozyme (6) , and conducted three-dimensional (3-D) confocal microscopy. Three-dimensional reconstruction of the entire crypt demonstrates that Sox9 EGFP is expressed in all cells at the base of the crypt except Paneth cells. (Fig. 1D, Supplemental Fig. S1 (Fig. 2A) . To establish whether endogenous SOX9 levels correlated with Sox9 EGFP transgene levels, we stained Sox9 EGFP small intestines for SOX9 protein. One-micron confocal microscopy slices demonstrate a direct correlation between the graded levels of Sox9 EGFP and endogenous SOX9. Empirical evidence suggested that the Sox9 EGFP high cells were concentrated in a supra-Paneth cell region, a region traditionally accepted as part of the stem cell niche. To quantify this observation we counted the position of Sox9 EGFPHI cells using the standard cell numbering scheme where cell position 1 is at the base of the crypt (Fig. 2B) . Additionally, we assessed the total number of Sox9 EGFPHI cells from the crypt base to the villus junction in intact crypt preparations. The results indicate that there are between 1 and 6 Sox9 EGFPHI cells per crypt (mean ϭ 3.1; SE ϭ 1.4) and that most Sox9 EGFPHI cells localize to position ϩ4 -6 (average ϩ5) (Fig. 2C) (3, 5, 26) . Although it appears from these previous studies that SOX9 protein is expressed in some Paneth cells, it is unclear in the absence of a lineage-specific biomarker whether the nuclear staining is in the Paneth cells or the intercalating CBCs. In light of the absence of any Sox9 EGFP expression in lysozymepositive cells (Fig. 1D) , we indeed questioned whether there was SOX9 protein expression in the entire lysozyme-positive Paneth cell compartment. Using 3-D confocal imaging of intact (Fig. 2D, Supplemental Fig.  S2 ). Neither of these two populations appears to localize to a particular region of the base of the crypt (i.e., at the very base of the crypt or higher up the crypt axis). One possible interpretation for the lack of Sox9 EGFP expression in the SOX9 pathway genes. Studies in stem/progenitor cells indicate that decreases in Notch1 receptor signaling lead to decreases in Hes1 repression of Math1, thus pushing stem/progenitor cell fate toward a secretory lineage (16, 38, 39, 46) . To determine whether there was differential Notch1 expression and downstream signaling between Sox9 EGFPHI and Sox9 EGFPLO cells, we assessed the mRNA levels for Notch1 and its downstream target gene, Hes1, in these two cell populations. Small intestine epithelium was dissociated and the single cells were FACSorted on the basis of either Sox9 EGFPLO or Sox9 EGFPHI expression status. Real-time semi-quantitative PCR was used to assess relative mRNA levels between the two samples (Fig. 3A) . The data show that there is a fivefold enrichment of Sox9 mRNA in Sox9 EGFPHI cells compared with Sox9 EGFPLO cells, validating the EGFP intensity-based cell sorting. The data also demonstrate that there is a 10-fold enrichment of Notch1 mRNA in Sox9 EGFPLO cells with a concomitant 11-fold increase in Hes1, the downstream target of Notch signaling (Fig. 3B) . These data indicate that the Notch1 pathway is activated to higher degree in Sox9 EGFPLO EGFPHI cells along the cryptvillus axis, a non-Paneth cell morphology, and the lack of colocalization with the Paneth cell marker, lysozyme (Fig. 1D) EGFPHI cells with the enteroendocrine cell markers, substance P (61% colocalized) and chromogranin A (100% colocalized) (Fig. 4, A and B) .
To assess whether the Sox9 EGFPHI cells in the crypts were immature cycling enteroendocrine precursors, we stained small intestine from Sox9 EGFP mice with Neurogenin3 (Ngn3) (a biomarker of secretory/enteroendocrine progenitors) and the general proliferation marker, Ki67. We never detected colocalization of Ngn3 or Ki67 with Sox9 EGFPHI in the adult small intestine (Fig. 4, C and D) . These data, combined with the Fig. 3 Increasing SOX9 levels in an intestinal progenitor cell line halts proliferation and elicits morphological changes. To define a functional role for increased levels of SOX9 enteroendocrine differentiation, we developed a gain-of-function assay in a nontransformed small intestine epithelial crypt cell line, IEC-18. Spontaneous differentiation of the IEC-18 cells into enteroendocrine-like cells has been demonstrated, indicating the multipotent capacity of these cells in culture (18) . On the basis of the exclusive expression of high SOX9 levels in noncycling enteroendocrine cells in vivo, we predicted that increasing the levels of SOX9 beyond a particular threshold might fate specify these cells to an enteroendocrine-like fate and/or halt proliferation. To test this hypothesis we generated a lentiviral vector in which the constitutive cytomegalovirus (CMV) promoter drives Sox9 cDNA expression (Fig. 5A) . The recombinant lentiviral transduction results in stable integration of the Sox9 cDNA transgene into the IEC-18 genome and high levels of SOX9 expression (Fig. 5B) . After positive selection with puromycin, equal numbers of control-or SOX9 virusinfected IEC-18 cells were plated and allowed to grow over a 10-day period. Control virus-infected cells proliferated normally, growing to a confluent monolayer, whereas SOX9 virus-infected cells remained viable as single cells with no clonal populations appearing on the plate (Fig. 5C) . Additionally, Western blot analysis demonstrated a decrease in PCNA and also a decrease in c-MYC, a downstream target of ␤-catenin signaling that supports proliferation (Fig. 5D) .
A second striking observation was a distinct morphological change in SOX9 virus-infected cells (Fig. 5, D and E) . Between 8 -10 days postinfection, IEC-18 cells expressing high levels of SOX9 transitioned from a typical IEC-18 epithelial cell morphology (small, uniform, flat cell body) to a neuroendocrine morphology with a condensed cell body, dendritic/ axonal-like projections (Fig. 5E) , and/or possessing multiple vesicles (Fig. 5F ). These cells remained adherent and survived in culture until completion of the 10-day experiment. To determine whether SOX9-infected IEC-18 cells had differentiated into enteroendocrine cells, we immunostained these cells for mature enteroendocrine markers chromogranin A and substance P. Neither chromogranin A nor substance P antibodies demonstrated cross reactivity with SOX9 virus-infected cells (data not shown), indicating that SOX9 virus-infected cells had not fully differentiated into mature enteroendocrine cells.
DISCUSSION
The phenotypic effects of differential transcription factor levels have recently been the focus of several studies, which illustrate the importance of this biological property during the development of several tissues (15, 22, 33, 40, 42) . In this study, we utilized a transgenic reporter gene mouse to determine whether Sox9 was expressed at different levels in cells of the small intestinal epithelium. Our results indicate that there are two Conditional deletion of Sox9 at E10.5 has been shown to ablate the Paneth cell population in the adult mouse (3, 26) . An interesting observation from our study is that the Sox9 EGFP transgene is never expressed in the Paneth cell population, yet 50% of Paneth cells express SOX9 protein.
Because of the rapid generation of the intestinal epithelium, a reasonable interpretation is that transcription from the Sox9 gene is terminated before Paneth cell differentiation and that SOX9 protein remains stabilized in "younger" Paneth cells. In "older" Paneth cells, SOX9 has degraded and results in a lysozyme ϩ /SOX9 Ϫ population. The expression of SOX9 protein in only half of the Paneth cells may point to a unique role for the two populations in normal gut homeostasis or implicate the requirement for SOX9 protein during the final stages of Paneth cell fate specification just before terminal differentiation and/or maturation at which time SOX9 is degraded.
Our results clearly indicate that high levels of SOX9 are expressed in the enteroendocrine compartment of the small intestine epithelium. However, unlike the Paneth cell lineage, SOX9 expression does not seem to be required for differentiation of enteroendocrine cells since there are no observable differences in the number of chromogranin A-positive cells in an intestinal epithelium-specific knockout for SOX9 (26) . It might be predicted, because of the high levels of SOX9 specifically in enteroendocrine cells, that SOX9 normally influences the generation of the enteroendocrine cell lineage, but its conditional loss at E10.5 is being compensated for by other SOX factors. By contrast, no such compensation exists for Paneth cell differentiation as demonstrated by both Sox9 conditional knockout studies (3, 26) .
The literature is replete with examples of Sox factor redundancy. For example, Sox1, Sox2, and Sox3 appear to functionally compensate for each other in neural stem/progenitor populations during development (12, 29, 35) ; Sox17 and Sox18 show redundant functions in postnatal angiogenesis (25) ; and Sox4 and Sox11 can compensate for Sox12 during early embryonic development (20) . The mRNAs for Sox3, 4, 5, 7, 10, 17 , and 18 have been detected in whole intestine preparations (5); therefore, it is reasonable that another Sox factor(s) may be functionally compensating for the loss of Sox9 during enteroendocrine cell fate decisions. An intriguing observation from our study that may support a role of SOX9 in differentiation is that, when SOX9 was increased to high levels in IEC-18 cells, there was a cellular phenotype that was characterized by a dramatic morphological change in which cells acquired characteristics resembling a neuroendocrine morphology. We are cautious not to overinterpret these morphological changes because of the absence of extrinsic influences on differentiation of IEC-18 cells in the in vitro context. In vivo studies are being conducted to address the role of SOX9 levels on differentiation of the intestinal epithelium.
An alternative hypothesis for the role of Sox9 in the intestinal epithelium that was not tested in the conditional Sox9 knockout studies is that SOX9 may be required for proper expression of enteroendocrine specific genes. To date, no direct target genes for SOX9 have been identified in cells of the small intestine epithelium. Although there were no other gross phenotypic abnormalities observed in the Sox9 conditional knockout mice besides the loss of Paneth cells and crypt hyperproliferation, variations in enteroendocrine-specific SOX9 target genes might exist with a less overt phenotype.
A generalized role for Sox9 in modulating proliferation through the Wnt/␤-catenin pathway is becoming clear (1, 3, 5, 26) . Sox9 has been reported to be a downstream target of Wnt signaling by acting in a feedback loop to repress Wnt signaling, thus keeping proliferation under tight regulatory control (1, 3) . The molecular mechanism responsible for this proliferation control has been established by overexpressing SOX9 in human colon cancer lines (3) . In these studies, high levels of SOX9 were able to decrease transcription of ␤-catenin target genes that positively regulate proliferation (i.e., c-myc, cyclin-D1) and increase inhibitors of ␤-catenin-Tcf proliferative activity [i.e., inhibitor of ␤-catenin and T cell factor (ICAT), transducin-like enhancer of splits 2-4 (TLE2-4)]. Both of these events would presumably result in decreased proliferative capacity, which was not formally tested. The data presented in our study are consistent with the findings in human colon cancer cell lines by showing that high levels of SOX9 expression in the nontransformed IEC-18 cell line decreases the expression of the ␤-catenin target gene, c-MYC. Our study further demonstrates a functional decrease in proliferation and expression of PCNA. Together, these data suggest that increasing SOX9 from low levels to high levels suppresses proliferation by decreasing ␤-catenin signaling.
Since Sox9 appears to be a Wnt target gene, one question our data poses is whether Wnt signaling is responsible for the high Sox9 levels observed in noncycling enteroendocrine cells. A recent study, however, demonstrates that, even at the enteroendocrine precursor stage, Ngn3 ϩ cells differentiate into enteroendocrine cells independently of Wnt signaling (43), indicating that Sox9 HIGH enteroendocrine cells would develop independently of Wnt signaling. To reconcile these studies with our data, we propose a bimodal role for Sox9 where low levels of Sox9 modulate proliferative capacity in the stem/progenitor cell compartment in a Wnt-dependent manner, whereas high levels of Sox9 in enteroendocrine precursors ablate proliferative capacity and influence terminal differentiation/maturation in a Wnt-independent manner (Fig. 6 ). On the basis of our in vivo data demonstrating that all Sox9 HIGH cells are mature and postmitotic, combined with the in vitro data showing that high levels of SOX9 abrogate the proliferative capacity of IEC-18 cells, we support a model where Sox9 expression becomes uncoupled from Wnt signaling at some point during enteroendocrine fate specification and acts to repress the proliferative capacity of cycling enteroendocrine precursors at the final stages of terminal differentiation. Our results indicate that the uncoupling event would occur downstream of Ngn3 since colocalization of Ngn3 and Sox9 HIGH is never observed in the Ngn3-fated progenitors. The crypt position for this "uncoupling event" appears to occur on average at cell position ϩ5 because there is a greater proportion of Sox9 HIGH cells in this region of the crypts (Fig. 2C) . It has been previously reported that cell position ϩ5 defines a niche for the differentiation of secretory lineages (4); thus the observation that Sox9 HIGH cells in the crypt appear to primarily localize to cell position ϩ4 -6 (average ϩ5) may point to an important source of extrinsic Fig. 6 . Model describing the relationship between Wnt and Sox9 in the adult intestinal epithelium. Multipotent CBCs universally express low levels of Sox9 in a Wnt-dependent manner. Post-Ngn3 lineage specification, instructive intrinsic and/or extrinsic signaling increases Sox9 expression to high levels in a Wnt-independent manner decreasing proliferative capacity and promoting terminal differentiation/maturation of enteroendocrine cells.
factors at this crypt position that may be influencing high levels of Sox9 expression and the development/maturation of enteroendocrine cells.
Subtle yet significant changes in the levels of steady-state gene expression have traditionally been difficult to assess at the cellular level because of the inability of existing technologies to accurately detect slight transcriptional variations. Transgenic reporter gene mice now enable high-resolution and real-time in vivo monitoring of gene transcription in normal and diseased states. Using this technology, we have demonstrated that distinct levels of SOX9 in the intestinal epithelium are associated with both proliferative and postmitotic cell types and, furthermore, that these variable SOX9 levels likely play an important role in both the control of proliferative capacity of stem/progenitor populations and also the maturation of enteroendocrine cells. The Sox9 EGFP mouse will also be a useful tool to investigate stem/progenitor populations during disease/ injury and subsequent regeneration of the small intestine epithelium. Moreover, the ability to specifically FACS isolate Sox9-expressing stem/progenitor populations for array-formatted gene expression studies will greatly enhance the ability to dissect important genetic pathways influencing normal gut homeostasis and diseased states involving the stem/progenitor cell compartment.
